ABSTRACT Luminous and ultraluminous infrared galaxies (LIRGs and ULIRGs) dominate the star formation rate budget of the universe at z 1, yet no local measurements of their heavy element abundances exist. We measure nuclear or near-nuclear oxygen abundances in a sample of 100 star-forming LIRGs and ULIRGs using new, previously published, and archival spectroscopy of strong emission lines (including [O II]λλ3727, 3729) in galaxies with redshifts z ∼ 0.1. When compared to local emissionline galaxies of similar luminosity and mass (using the near-infrared luminosity-metallicity and massmetallicity relations), we find that LIRGs and ULIRGs are under-abundant by a factor of two on average. As a corollary, LIRGs and ULIRGs also have smaller effective yields. We conclude that the observed under-abundance results from the combination of a decrease of abundance with increasing radius in the progenitor galaxies and strong, interaction-or merger-induced gas inflow into the galaxy nucleus. This conclusion demonstrates that local abundance scaling relations are not universal, a fact that must be accounted for when interpreting abundances earlier in the universe's history when merger-induced star formation was the dominant mode. We use our local sample to compare to highredshift samples and assess abundance evolution in LIRGs and ULIRGs. We find that abundances in these systems increased by ∼0.2 dex from z ∼ 0.6 to z ∼ 0.1. Evolution from z ∼ 2 submillimeter galaxies to z ∼ 0.1 ULIRGs also appears to be present, though uncertainty due to spectroscopic limitations is large.
1. INTRODUCTION Mid-infrared and submillimeter observations show that luminous and ultraluminous infrared galaxies (LIRGs and ULIRGs) 1 host most of the star formation in the universe at z 1 Chapman et al. 2005; Daddi et al. 2005; Wang et al. 2006; Caputi et al. 2007) . Understanding local examples of these sources is thus a window to star formation and accretion onto supermassive black holes at the epoch of highest star formation rate and active galactic nucleus (AGN) density (e.g., Madau et al. 1998; Schmidt et al. 1995) .
A great deal is known about nearby ULIRGs; for a recent review see Lonsdale et al. (2006) . All ULIRGs possess strong starbursts, and many also host opticallyvisible AGN . The starbursts and AGN are on average heavily obscured (Genzel et al. 1998; Hao et al. 2007) , and optically-invisible AGN may be present (Lutz et al. 1999; Armus et al. 2007 ). The prevalence of optically-visible AGN increases with increasing infrared luminosity ) and as the merger progresses . It is thus hypothesized that ULIRGs play a role in the evolution of quasars.
When obscuring dust is removed from a buried AGN (by starburst-or AGNdriven outflows; see, e.g., Rupke et al. 2005a,c) , a bright Electronic address: drupke@astro.umd.edu 1 LIRGs are defined by 10 11 < L IR /L ⊙ < 10 12 and ULIRGs by 10 12 < L IR /L ⊙ < 10 13 , where L IR is the 'total' infrared luminosity from 8 − 1000 µm.
quasar is left ). This hypothesis is under scrutiny; comparison to the fundamental plane of ellipticals shows that many ULIRGs are evolving into moderate-mass ellipticals (Genzel et al. 2001; Veilleux et al. 2002; Tacconi et al. 2002; Dasyra et al. 2006a,b) , similar to but slightly less massive than the hosts of optically bright quasars (Dasyra et al. 2007) .
LIRGs host less intense starbursts than ULIRGs, and the frequency of occurrence of optically-visible AGN in LIRGs is much smaller . Photometric studies divide LIRGs into two groups (Ishida 2004) . The most luminous are early in the merger sequence of two roughly equal-mass galaxies, and thus may be the progenitors of ULIRGs (Arribas et al. 2004; Ishida 2004) . Other LIRGs are unequal-mass mergers or isolated disk galaxies which may or may not be experiencing an interaction (Ishida 2004) . Kinematic studies confirm that the pair mass ratios in at least some LIRG interactions are of order 1 − 3 (Rothberg & Joseph 2006; Dasyra et al. 2006a) .
The interstellar medium in LIRGs and ULIRGs is in a kinematically extreme state, dominated by inflows (e.g., Barnes & Hernquist 1996; Mihos & Hernquist 1996) , outflows (Heckman et al. 2000; Rupke et al. 2002 Rupke et al. , 2005a Martin 2005 Martin , 2006 ; see Veilleux et al. 2005 for a recent review), and turbulent motions (Downes & Solomon 1998 ). These gas motions have the power to significantly alter the chemical states of the progenitor galaxies (e.g., Edmunds 1990; Köppen & Edmunds 1999; Dalcanton 2007) . Ongoing, intense star formation in LIRGs and ULIRGs is also producing and redistributing heavy metals at a prodigious rate. In this paper we describe the first comprehensive study of the oxygen abundances of local LIRGs and ULIRGs ( § §2 − 3). This will allow us to assess the effects of these processes on the gas-phase abundances of infrared-selected, interacting galaxies. Studies of optically-selected mergers suggest that gas motions do alter nuclear abundances (Kewley et al. 2006a ). Here we present evidence that this is true also of strong mergers with high star formation rates.
In order to understand the chemical evolution of LIRGs and ULIRGs, it is crucial to compare these sources to weakly-or non-interacting galaxies with modest star formation, which represent the progenitors of LIRGs and ULIRGs. To this end, we compare LIRGs and ULIRGs to published luminosity-metallicity, mass-metallicity, and mass-effective yield relations ( § §4 − 6). We discuss these results in §7.
There exist a few measurements of oxygen abundances in high-redshift infrared-luminous galaxies. Liang et al. (2004) measure the abundances of ∼20 z = 0.4 − 0.9 LIRGs selected at 15 µm by the Infrared Space Observatory (ISO). Abundance measurements also exist for a handful of z ∼ 2 submillimeter-selected galaxies that have total infrared luminosities greater than or equal to those of ULIRGs (Tecza et al. 2004; Swinbank et al. 2004) . Finally, we describe in this paper a handful of new moderate-redshift measurements.
While these high-z measurements are valuable on their own, they are also sparse and, in many cases, uncertain. The more robust measurements of local LIRGs and ULIRGs that we report here facilitate two comparisons: we can now compare the enrichment histories of infraredluminous and infrared-faint galaxies in the local universe ( § § 4.2, 4.3, and 5); and we can look for evidence of chemical evolution among infrared-luminous populations as a function of redshift ( §4.4).
We summarize our work and discuss its consequences in §8.
Throughout the paper, we use the notation (O/H) to refer to the ratio of the number densities of O and H atoms in the ISM. The variable Z refers instead to the mass fraction of O relative to the total mass of gas. These two variables are related by a constant: Z = 16/C(O/H), where C ∼ 1.4 is the ratio of total to H gas masses. Where appropriate, we use (O/H) and Z interchangeably. For the solar oxygen abundance, we use the recent value from Asplund et al. (2004) 2. SAMPLE SELECTION Abundance diagnostics of star-forming galaxies rely mostly on emission lines. The emission lines of many LIRGs and ULIRGs, however, may include contributions from an AGN and/or strong shocks Veilleux et al. 1999) . Abundance diagnostics are generally calibrated using galaxies with modest star formation, whose emission line fluxes do not contain strong contributions from either of these ionization mechanisms. Thus, choosing galaxies whose lines are starburst-dominated is important for computing accurate abundances.
This decision is complicated by the multiple options for defining a star-forming galaxy in the phase space of optical emission line flux ratios. For instance, using the classic diagnostics of Veilleux & Osterbrock (1987) , 60% of LIRGs and one-third of all ULIRGs are 'H IIregion-like' galaxies . More recent work updates this empirical classification scheme using ∼10 5 galaxies from the Sloan Digital Sky Survey (SDSS; Kauffmann et al. 2003; Kewley et al. 2006b ). Many LIRGs and ULIRGs classified as H II galaxies using the Veilleux & Osterbrock (1987) scheme lie away from the bulk of local star-forming galaxies; instead, they lie in the region of the [O III]λ5007/Hβ vs. [N II]λ6583/Hα flux ratio diagram that is between the outer boundary of the locus of SDSS galaxies (Kauffmann et al. 2003 ) and the line delineating the maximum line ratios achievable by starbursts, according to theory (Kewley et al. 2001) .
In §3.3, we discuss in detail the abundance uncertainties that arise from such physical effects. For now, we adopt loose initial selection criteria. We include in our sample all galaxies classified as H II galaxies or low ionization nuclear emission-line regions (LINERs) under any scheme. We also require that line flux uncertainties be smaller than 50%; almost all fluxes are far more certain than this, but a few fall near the limit. In Figure 1 , we place the galaxies in the current sample on several line-ratio diagrams, with various classification schemes over-plotted.
Our ULIRGs are primarily from the 1 Jy sample, which is a complete, flux-limited, northern-hemisphere sample drawn from the Infrared Astronomical Satellite (IRAS) database . We require that our galaxies have measured [O II]λλ3727, 3729 fluxes.
The moderately-high-resolution spectra of Rupke et al. (2002 Rupke et al. ( , 2005b , from Keck or the MMT, have broad enough wavelength coverage for this purpose. We supplement this data set with a handful of spectra of 1 Jy objects from the Fifth Data Release of the SDSS (York et al. 2000; Strauss et al. 2002; Adelman-McCarthy et al. 2007) . To improve our statistics, we also include a few ULIRGs with published [O II] fluxes from the Revised Bright Galaxy Sample (RBGS), the Warm Galaxy Survey (WGS), and the 2 Jy survey Wu et al. 1998) . The final local sample of 31 galaxy nuclei has z = 0.14, with a maximum redshift of 0.27. However, in addition we include measurements for a few galaxies with z = 0.4 − 0.5 from the FIRST-FSC catalog Rupke et al. 2005b) for the purpose of assessing redshift evolution ( §4.4).
We have selected our LIRGs primarily from the Revised Bright Galaxy Sample, which is also a complete, flux-limited IRAS sample (Sanders et al. 2003) .
Our RBGS data come from a variety of spectroscopic surveys: (1) Kim et al. (1995) ; (2) Liu & Kennicutt (1995) ; (3) Wu et al. (1998) ; (4) Rupke et al. (2002 Rupke et al. ( , 2005c ; (5) the Fourth Data Release of the SDSS (Adelman-McCarthy et al. 2006 ); and (6) Moustakas & Kennicutt (2006, nuclear spectra only) . Again, to improve our statistics, we include published fluxes of galaxies from the Warm Galaxy Survey (WGS) and 2 Jy sample Wu et al. 1998) . The sample of 65 galaxy nuclei has z = 0.04. (We also have measurements for one LIRG with z = 0.48, which we use in §4.4.) Fig. 1 .-Emission-line ratio diagrams, with fluxes corrected for extinction. Blue stars are luminous infrared galaxies and red circles are ultraluminous infrared galaxies. The solid lines separate star-forming galaxies from LINERs (Veilleux & Osterbrock 1987) ; the dotted lines denote the phase space limits of the Kewley et al. (2001) starburst models in all plots except the bottom right, where they separate starbursts, LINERs, and AGN (Kewley et al. 2006b ); and the dashed line denotes the outer boundary of the bulk of star-forming galaxies in the SDSS (Kauffmann et al. 2003) .
The selected galaxies are representative of the local (z 0.2), star-forming, infrared-luminous galaxy population. The 1 Jy sample, 2 Jy sample, RBGS, WGS are complete samples. The particular galaxies which appear in this paper are effectively a random selection from these samples, since they are culled from their parent spectroscopic studies only on the basis of spectral type and signal-to-noise ratio. The parent studies from which our spectroscopic data were collated impose various constraints on sky location, emission-line sensitivity, and (to a minor degree) redshift. However, these have no effect on the physical properties of the galaxies chosen, as shown by comparisons among Figure 1 and similar figures from the parent studies (e.g., Kim et al. 1995; Veilleux et al. 1999) .
Some of the galaxies in our sample are multiple-nucleus systems 2 . For the 1 Jy ULIRGs, the nuclei are characterized using sensitive optical and near-infrared imaging Veilleux et al. 2002) . For other sources, we specify nuclei using unique designations from the NASA/IPAC Extragalactic Database (NED; see Table 1). We treat each nucleus separately in our analysis, since the apertures for our spectra are nuclear or nearnuclear ( §3.3). Accordingly, for each multiple-nucleus system we divide the total system infrared luminosity between component nuclei based on resolved IRAS imaging (Surace et al. 2004) or the near-infrared luminosities of the component galaxies ( §4.1). The fraction of the total infrared luminosity of the system belonging to each nucleus (or equivalently fractional near-infrared luminos-ity) for those systems where the NIR luminosity is used to divide L IR is listed in Table 1 . Seven ULIRG nuclei descend into the LIRG category due to their nuclear luminosity. This reclassification does not impact our results.
In total, there are 100 galaxies or nuclei in our sample. Table 1 lists the basic properties of each galaxy or nucleus.
The strong emission lines in the Rupke et al. (2002 Rupke et al. ( , 2005b and SDSS flux-calibrated spectra were measured using the IRAF task SPLOT. The average measurement uncertainty in the brightest lines (e.g., [O II] in a few cases) or those affected by a continuum that has strong stellar absorption, the uncertainty rises to ∼ 20 − 30%. Table 2 lists the line fluxes newly measured for this study.
Our Keck, MMT, and SDSS spectra are typically of high enough resolution for us to fit simultaneously a Voigt absorption and Gaussian emission component to Hβ. In the few cases where this was not possible, we used lower order Balmer lines to estimate the expected absorption in Hβ. We corrected the Hα emission line in these galaxies for stellar absorption by extrapolating from the absorption equivalent widths of lower order Balmer lines, using the relative values for different lines predicted by the oscillator strengths (Menzel 1969) :
In this equation, H N is the Balmer transition from which the equivalent width of Hα is to be calculated; H i represents the Balmer transition with upper principal quantum number i (e.g., H 4 = Hβ); and f (H i ) is its oscillator strength. Patris et al. (2003) tabulate the coefficient values that we used. Table 2 lists the (absorptionuncorrected) Hα emission line and Hβ absorption line equivalent widths for newly measured data. The emission lines were corrected for extinction using the Balmer decrement. We assume an intrinsic Hα/Hβ flux ratio of 2.86 (Hummer & Storey 1987) , an effective foreground screen, and the starburst attenuation curve of Calzetti et al. (2000) . Table 2 lists the E(B −V ) values for newly measured data.
The data quality was checked through cross-correlation of objects common to different data sets. The results showed remarkable consistency, given the number of references from which the data were drawn. The typical discrepancy between two measurements of the same galaxy nucleus is of the order ∼0.1 dex. Where multiple data were available for a given source, we chose the spectrum with highest spectral resolution and signal-to-noise. Exceptions are sources not drawn from the 1 Jy sample or RBGS that have both published and SDSS spectra; for consistency, we chose the published data even though the SDSS data may be of higher spectral resolution or sensitivity. We decided to use the SDSS data only to supplement the number of spectra available from the 1 Jy sample and RBGS (or for data quality checking) in order to keep the sample selection fairly clean and the size of the sample manageable. (I.e., there are a large number of infrared-luminous galaxies in the SDSS that we did not include; e.g., Pasquali et al. 2005.) 3. ABUNDANCES 3.1. Comparison of Diagnostics Numerous strong-line abundance diagnostics exist, each relying on different combinations of the strongest emission lines measurable in optical spectra. Each diagnostic in turn has different absolute calibrations, based on photoionization models, electron temperature (T e ) measurements (i.e., weak-line diagnostics), or a combination of the two. Different diagnostics, or different calibrations of the same diagnostic, can give vastly different abundances for the same galaxy or group of galaxies. For instance, models calibrated on measurements of electron temperatures of H II regions in nearby galaxies differ from theoretical calibrations by factors of a few (see, e.g., Kennicutt et al. 2003 , and references therein).
To help the reader understand the uncertainty that attaches to the choice of a particular diagnostic/calibration combination, we have investigated several different options. One of these (the Tremonti et al. 2004 calibration) we employ in § § 4−6 to compare our data with published luminosity-metallicity (L−Z), mass-metallicity (M −Z), and mass-effective yield relations. The others provide a useful baseline comparison and illustrate some of the uncertainties due to choice of calibration and physical effects.
1. Pilyugin & Thuan (2005) 
The latter is a proxy for ionization parameter, which is the ratio of ionizing photons to hydrogen nuclei present in gas.
2. The photoionization models of McGaugh (1991) also use both R 23 and O 32 as parameters in the diagnostic. The calibration is updated and printed in analytic form by Kuzio de Naray et al. (2004) ; we use their semi-empirical version.
3. Tremonti et al. (2004, hereafter T04) use the models of Charlot & Longhetti (2001, hereafter CL01) to compute the abundances of ∼10 5 galaxies from the SDSS. The original models are a suite of analytic functions involving different combinations of strong emission lines; the choice of diagnostic then depends on the spectral data available. However, T04 directly cross-correlate their data with model spectra to find the best-fit abundance. They then fit a simple analytic function to the upper branch of the abundance vs. R 23 relation. other diagnostics which use fluxes corrected for attenuation by dust.
5. Kewley & Dopita (2002) In each case, we discard galaxies that have log(R 23 ) ≥ 1; such values are observed in star-forming regions, but they are not common (e.g., Pilyugin & Thuan 2005) . In this regime, it is unclear which R 23 branch is appropriate and the diagnostics are not well-calibrated. Furthermore, a very high R 23 may be an indication of contributions to the line emission from processes not related to star formation. There are nine LIRGs and nine ULIRGs with R 23 ≥ 1.
We also assume the upper branch for R 23 -based diagnostics (Edmunds & Pagel 1984 These two cuts do not strongly impact our analysis. Once we put aside galaxies with z > 0.27, we have a working sample of 55 LIRGs and 22 ULIRGs. (We discuss further the z ∼ 0.4 − 0.5 points in §4.4.) Different diagnostic/calibration pairs can yield very different abundances for the same galaxy. Figure 2 shows the abundance of a random sampling of our galaxies using each method listed above. The methods are ordered on the horizontal axis by increasing median abundance. Over the full sample, the extreme median values (the CL01 Case A and Pilyugin & Thuan (2005) calibrations) differ by a factor of 8 for the LIRGs, and correspond to 12 + log(O/H) = 8.2 and 9.1, respectively. The 'median of the medians' is 1.25Z ⊙ . For the ULIRGs, the extreme values are 8.1 and 9.0, also a spread of a factor of 8, with the median being roughly 1.0Z ⊙ . However, if the Pilyugin & Thuan (2005) diagnostic (the only one in our sample based solely on T e abundances) is removed, the scatter is dramatically reduced. The peak-to-peak variation among the five remaining diagnostics is only a factor of 2. The median abundances among these five are 1.6Z ⊙ and 1.4Z ⊙ for the LIRGs and ULIRGs, respectively.
In the next subsections we discuss sources of uncertainty.
3.2. Uncertainties in Abundance Caused by Choice of Diagnostic The lowest abundances arise from the use of the empirically-calibrated diagnostics. This exemplifies the Tremonti et al. 2004 abundances) . The latter illustrates good correlation but a significant offset between the two, independent of whether or not the galaxies fall inside the SDSS star-forming galaxy locus (Kauffmann et al. 2003) . Galaxies inside the locus are circled. Galaxy designations follow Figure 1 . difference between T e abundances and those from theoretical calibrations. Discussions of the weaknesses of each method are found in Kennicutt et al. (2003) and elsewhere, and we do not expand upon them further. However, we do note that very recent measurements of temperature fluctuations in H II regions coupled with heavy element recombination line measurements may alleviate this discrepancy by raising the T e abundances (Bresolin 2007) . The use of the T e -calibrated Pilyugin & Thuan (2005) method is thus potentially suspect without an adjustment to agree with these findings. Use of their diagnostic calibration is also a particular challenge for LIRGs and ULIRGs. We compute low values of their ionization parameter variable P ( P = 0.2) and relatively high values of R 23 ( log(R 23 ) = 0.7 for the LIRGs and 0.9 for the ULIRGs). These P /R 23 combinations are not well calibrated for either branch of the R 23 vs. abundance diagram in the Pilyugin & Thuan (2005) 
Of the photoionization models, those of Kewley & Dopita (2002) produce the lowest dispersion in our sample, as well as the second-highest abundance. The low dispersion is due to the fact that the [N II]/[O II] flux ratio is insensitive to the ionization parameter. One potential problem with this diagnostic calibration is the form assumed for the dependence of the N/O abundance ratio on oxygen abundance. Kewley & Dopita (2002) assume that N/O is constant below 0.23Z ⊙ , and linear in abundance above this value (van Zee et al. 1998 ). However, the data from recent studies seem to show that N/O may be driven by a linear combination of primary and secondary yields, suggesting a sum of the two contributions rather than an abrupt transition between them. This leads to a slightly higher value of N/O for a given abundance (Bresolin et al. 2005 , and references therein). This should lead to a higher value of the flux ratio [N II]/[O II] for a given abundance, and thus a lower derived abundance from the calibration.
Perhaps the most important calibration issue for the results of this paper is the disagreement between the CL01 Case A−F analytic diagnostics and the T04 empirical calibration of R 23 based on the CL01 models. Rather than comparing all six CL01 diagnostics to T04, we use Cases A and F as representative of the greatest and least amounts of spectral information required by the CL01 models. Figures 2 and 3 illustrate that, while CL01 Case F and T04 agree reasonably well on average, CL01 Case A is higher on average than both by ∼0.3 dex.
What is the cause of this discrepancy? Either the LIRGs and ULIRGs have line ratios that are affected by processes unrelated to star formation (see the next subsection), or the CL01 Case A diagnostic does not properly account for these objects. Looking at Figures 1 and  3 , it is tempting to conclude that Case A, which like the Kewley & Dopita (2002) diagnostic is based on a line ratio involving [N II], predicts higher abundances due to [N II] enhancement by a buried AGN or shocks. Consider the following scenario: AGN and shocks are important for some galaxies, for which the different CL01 diagnostics yield inconsistent abundances; for purely starforming galaxies, Cases A and F instead give the same result. More specifically, the objects which fall within the SDSS locus of most star-forming galaxies (a criterion which securely excludes galaxies with even a small amount of AGN or shock contribution) should give consistent results for diagnostics A and F of the CL01 model, while those outside this locus should not. Figure 3 Figure 1) show almost as large a disagreement between the CL01 Cases A and F as do the galaxies that lie outside it. Thus, physical effects may have a small contribution, but it appears that most of the difference is attributable to the inability of the Case A diagnostic to properly account for the abundances of these systems. The details of why this These line ratios nicely separate the effects of abundance and ionization parameter, and show that starburst models can in principle explain LIRG and ULIRG line ratios. Abundance increases to the right, with grid points of 0.1, 0.4, 0.8, 2.0, and 4.0 in units of Z ⊙ . Ionization parameter increases upward, with grid points of (in the log) roughly 1.2 to 3.0, increasing in steps of 0.3 dex. The photoionization models are from Kewley et al. (2001) and use the Starburst99 stellar synthesis code Leitherer et al. (1999) with 'Lejeune + Schmutz' stellar atmospheres as an input. These models assume an electron density of 350 cm −3 and a continuous starburst of age 8 Myr. Galaxy designations follow Figure 1 . may be so are beyond the scope of this paper. As we discuss in the next subsection, other models are consistent with all of our LIRGs and ULIRGs being star-forming galaxies.
Among the CL01 models, the Case F diagnostic minimizes systematic offsets of LIRGs and ULIRGs with respect to the more sophisticated method by which T04 compute abundances (their method is to find the model spectrum that is the best fit to the entire observed spectrum, rather than using just one or two emission-line ratios). However, as we see in detail in Figure 3 , the agreement breaks down at the highest values of R 23 ; in this regime, the Case F diagnostic gives higher abundances by ∼0.3 dex. As Figure 2 illustrates, this has little effect on the median abundance. Our use of T04 instead of Case F from CL01 thus makes little difference to the results of this paper. Despite the fact that it is a single-parameter diagnostic, we choose the T04 diagnostic over the Case F diagnostic because it employs the traditional R 23 line ratio and is the empirical product of a methodologically sophisticated application of the CL01 models.
Uncertainties in Abundance Caused by Physical
Effects An obvious important consideration is the dust extinction corrections required to derive intrinsic fluxes. (The optical attenuation derived from the Balmer decrement and a foreground screen is E(B −V ) = 0.9 on average, corresponding to a factor of 3 upward correction to R 23 to reach the unattenuated line ratio.) LIRGs and ULIRGs have copious quantities of dust in their nuclei; the emission from this dust creates their high infrared luminosities. The optical line emission we observe does not emerge from the heavily obscured nuclear star clusters in these systems, where almost all of the star formation is occurring (Surace et al. 2000) . Presumably it arises instead from star formation occurring near the surface of the nuclear dust cloud, mildly obscured sight lines, or light scattered into the line of sight.
Our use of the Balmer decrement and assumption of an effective foreground screen geometry mean that even our 'corrected' line fluxes for these dusty systems will not correspond to their full line luminosities or star formation rates. However, several considerations argue that the ratios of our corrected line fluxes will still yield fair estimates of abundances. First, ULIRGs in particular show such large turbulent velocities within their compact nuclear gas structures (e.g., Downes & Solomon 1998 ) that any abundance gradients should be flattened rapidly once gas has been dumped into a merger's center of mass. This means that the outer and inner regions of a merger's dusty core should have similar abundance values. Second, our use of an effective screen geometry is consistent with both (a) the derivation of the Calzetti et al. (2000) attenuation law we have adopted, and (b) in many objects, the measurement of Balmer decrements much higher than could be achieved if H II regions and dust were uniformly mixed (e.g., Thronson et al. 1990 ). Moreover, tests show that neither use of a Galactic extinction curve (Miller & Mathews 1972 ) nor assumption of a uniformly mixed geometry (when sources' observed Balmer decrements allow this) lead to significantly different results. Finally, we emphasize that any relative underestimate of extinction at [O II]λλ3727, 3729 would require that the true R 23 be higher, and therefore the true oxygen abundance lower, than we have reported here. As § § 4 and 5 make clear, such an adjustment would only strengthen this paper's conclusions.
A second relevant issue is the applicability of starformation calibrated abundance diagnostics. As we discuss in §2, LIRGs and ULIRGs deviate from the main body of star-forming galaxies in many line-ratio diagrams ( Figure 1 ). However, they generally lie completely below the Kewley et al. (2001) maximal starburst lines in at least two of these diagrams, and so many or all can plausibly be treated as starbursts.
We illustrate this in Figure 4 by plotting the
for each galaxy. Photoionization models from Kewley et al. (2001) are plotted atop the data, assuming a continuous starburst of age 8 Myr. These line ratios nicely separate the effects of abundance and ionization parameter. LIRGs and ULIRGs in this diagram have relatively high abundances and low ionization parameter, though the details depend somewhat on the adopted starburst model.
It remains possible that some objects in our sample may have emission line fluxes with a non-zero contribution from gas that has been photoionized by an AGN or collisionally ionized by shocks. The addition of either a low-luminosity or high-luminosity AGN moves galaxies away from the starburst locus (e.g., Veilleux & Osterbrock 1987; Kewley et al. 2006b ). However, it appears that AGN do not make a significant contribution, because mid-infrared diagnostics of ULIRGs that distinguish starbursts and AGN agree with optical diagnostics if all non-Seyfert ULIRGs are assumed to be starburst-powered (Lutz et al. 1999 ). The addition of shocks also moves line ratios away from the region of pure starburst galaxies (Dopita & Sutherland 1995) . The existence of shocks would be consistent with the presence of massive, fast, galaxy-scale winds in starburst-dominated LIRGs and ULIRGs (Heckman et al. 2000; Rupke et al. 2002 Rupke et al. , 2005b Martin 2005 Martin , 2006 . Rupke et al. (2005c) also find evidence that ULIRGs with LINER spectra have higher wind velocities than those with H II spectral types, suggesting that wind shocks could play a role in exciting the observed optical emission lines in LINERs.
Without careful modeling, we cannot easily flag galaxies with significant contributions from low-level AGN or shocks. Rather than attempt an extensive comparison to models of stellar and AGN photoionization or shocks, we make three empirically and theoretically motivated cuts in our data, resulting in three partially overlapping subsamples. Computing our results for each subsample allows us to ascertain the effect of including galaxies with possible low-level AGN or shock contamination. These cuts are as follows: (1) accepting only galaxies which lie beneath the maximal starburst line (Kewley et al. 2001 (3) accepting only galaxies which lie beneath the line denoting the boundary of the locus of SDSS star-forming galaxies (Kauffmann et al. 2003) . As shown in later sections, we find that our results are not significantly altered by picking one subsample over another.
A final uncertainty relates to the apertures covered by the spectroscopic observations. Disk galaxies have radial abundance gradients, in the sense that abundance decreases with increasing radius (e.g., Zaritsky et al. 1994) . Large apertures covering a significant fraction of the galaxy's light thus lead to lower computed abundances than those covering only the galaxy's inner regions. For the Nearby Field Galaxy Sample (NFGS), covering a range of Hubble types, the average difference between nuclear and integrated abundances is ∼0.2 dex for nuclear apertures of 1.5 kpc or less (Kewley et al. 2005) .
Our spectra include data with a variety of physical apertures, since they are produced with a variety of slit widths and extraction apertures. Our LIRG and ULIRG samples have median redshifts of 0.04 and 0.14, respectively. The LIRG data in particular include onedimensional spectroscopic apertures ∼ 1 ′′ − 3 ′′ in width, which corresponds to physical scales of ∼ 1 − 2 kpc. These qualify more or less as nuclear spectra according to the Kewley et al. (2005) convention for the NFGS. The ULIRG apertures also range from ∼ 1 ′′ − 3 ′′ in diameter, with about half having small apertures. However, being at higher redshift, they subtend apertures ranging from 2 − 7 kpc. Based on comparison to local field galaxies, we would then expect a slight systemic deviation of the average ULIRG to lower abundances relative to the average LIRG (by ∼0.1 dex; Kewley et al. 2005) . However, the existence of radial abundance gradients in evolved mergers may be inconsistent with expectations of strong radial mixing of heavy elements (L. Kewley 2007, private communication; Edmunds & Greenhow 1995) . If there has been strong radial mixing, aperture size will have little affect on the integrated abundance.
In this work we use two local comparison samples, as well as high redshift data. We defer discussions of aperture effects related to these samples to their points of introduction later in the paper.
With these caveats in mind, we proceed in the next sections to employ the internal consistency of a given abundance diagnostic/calibration pair (the T04 R 23 calibration in our case) to compare LIRGs and ULIRGs to other galaxy populations.
NEAR-INFRARED LUMINOSITY-METALLICITY
RELATION The best way to interpret the abundances of local LIRGs and ULIRGs in the context of galaxy evolution is to compare to the luminosity-metallicity (L − Z) and mass-metallicity (M − Z) relationships of other starforming galaxies (i.e., galaxies of lower star formation rate or those selected at other wavelengths). These describe the increase of abundance with increasing galaxy luminosity and mass. They reflect, for a given gas mass fraction, either (a) a sequence of changing star formation history and enrichment with stellar mass or (b) preferential accretion of under-enriched gas or loss of overenriched gas in low-mass galaxies. Recent authors have argued for both scenarios (T04; Brooks et al. 2007 ; but see also Köppen et al. 2007 for discussion of an origin in a variable initial mass function). We start with the L − Z relation, since luminosity is a more easily measured quantity than mass.
We compare to the only available near-infrared L − Z relation for starbursts (Salzer et al. 2005) . The advantage of using observations in the near-infrared is their lower sensitivity to dust and mass-to-light ratio variations than optical observations (Bell & de Jong 2000; Salzer et al. 2005) . The galaxies comprising this study are a subsample of the KPNO International Spectroscopic Survey (KISS; Salzer et al. 2000) , which is an objective prism survey of emission-line galaxies in the local universe. The KISS subsample from Salzer et al. (2005) consists of galaxies with near-infrared photometry, mostly taken from 2MASS. The galaxies have z = 0.063 and K s -band absolute magnitudes ranging from -16.5 up to -25 (a factor of 3000 in luminosity).
Because of the low redshifts and small spectroscopic apertures (1.5 ′′ − 2 ′′ , corresponding to 2 kpc) for this sample, the computed abundances are approximately nuclear, and we make no aperture corrections.
NIR photometry
Near-infrared photometry for our LIRG and ULIRG sample is taken from ground-based data in the K ′ band where available (Surace et al. 2000; Stanford et al. 2000; Kim et al. 2002) , and from the 2MASS Large Galaxy Atlas (Jarrett et al. 2003) or Extended Source Catalog (Cutri et al. 2006) otherwise. We use 'total,' or extrapolated, K s magnitudes from the 2MASS catalog. For some objects with multiple nuclei, a 2MASS magnitude is not available for the nucleus of interest but the sky-and starsubtracted image is available (Cutri et al. 2006) . In these cases, we used the 2MASS Atlas images (in 'postagestamp' form) to do aperture photometry on the nucleus, including associated diffuse emission. In other instances a second nucleus was already removed through star subtraction, which was to our advantage. However, in the few instances where this subtraction was poor we did the photometric separation by hand. For the ULIRGs with published nuclear and total magnitudes , we used the relative nuclear magnitudes to scale the total magnitude for the nucleus of interest. Finally, we note that the published FIRST-FSC magnitudes are on average only 70% of the observed total, as discussed in Stanford et al. (2000) ; in these cases we made an average upward correction to reach ∼100%.
We converted measured K ′ magnitudes to K s magnitudes using the formula from Wainscoat & Cowie (1992) ; the average H − K ′ color for H II ULIRGs from Surace et al. (2000) ( H − K ′ ∼ 0.5, which applies roughly to LIRGs as well; see Scoville et al. 2000) ; and the color transformation from CIT system K magnitudes to K s magnitudes (Cutri et al. 2006) .
Starting with the total absolute magnitudes, we contemplated a number of adjustments to the measured luminosities to reach the rest-frame host galaxy luminosity. We decided to apply only one of these adjustments. This involves removal of the central point source in ULIRGs, which is most likely an extremely luminous star cluster (but may also contain part of the central bulge; Surace et al. 2000) . Very accurate pointsource subtraction is allowed by high-resolution Hubble Space Telescope (HST) near-infrared data of ULIRGs (Veilleux et al. 2006 ). The data for five H II galaxies from this sample have an average point-spread function (PSF) to host-galaxy (PSF-subtracted) luminosity ratio of 0.07, with a range of 0.01 to 0.13. Applying this average correction to each ULIRG lowers its luminosity by an insignificant 0.08 magnitudes.
We also contemplated corrections for dust extinction/emission. Most of the near-infrared light in LIRGs and ULIRGs that are dominated by star formation arises in modestly extinguished stars, not hot dust. For cold, star-forming LIRGs and ULIRGs, most of the nearinfrared emission is extra-nuclear (Carico et al. 1990; Scoville et al. 2000; Veilleux et al. 2006) , and the colors of this extended light are consistent with those of normal spirals in the case of LIRGs and a reddened stellar population in the case of ULIRGs (Carico et al. 1990; Scoville et al. 2000; Davies et al. 2002) . The average predicted screen extinction is modest even for the more heavily extinguished nuclear regions (A V of a few; Scoville et al. 2000; Surace et al. 2000; Davies et al. 2002) . To achieve an unreddened luminosity we would correct upward by only a few tenths of a magnitude (Draine 2003) , and even less for the more dominant extended emission. Modest hot dust emission may also contribute to the nuclear light (Surace et al. 2000; Davies et al. 2002) , but neither the dust emission nor nuclear light is significant. As a final piece of evidence, ULIRGs tend to show elliptical-like global surfacebrightness profiles in the near-infrared, typical of relaxed stellar populations (Veilleux et al. 2002, and references therein) .
Finally, we considered K-corrections. There is a strong diversity in observed spectral energy distribution (SED) shapes in ULIRGs, but the average ULIRG shows increasing νL ν from optical to infrared wave- , and ULIRGs (red filled circles). Most of the LIRGs and ULIRGs fall well below the L − Z relation. The nearby galaxies are from the KISS sample, and the black line and dotted lines are a fit to the data and 1σ RMS dispersion, respectively (Salzer et al. 2005) . The dashed line locates solar abundance. Boxed points do not pass our first emission-line cut. We do not plot points with z > 0.3. The far-right points do not have measured K magnitudes. lengths, and flat or increasing values in the near-infrared (Trentham et al. 1999; Farrah et al. 2003) . These yield positive K-corrections in the K-band that increase slowly with increasing redshift and depend somewhat on the actual SED shape (0.06 − 0.25 mag at z ∼ 0.3 and 0.1 − 0.4 mag at z ∼ 0.6; Trentham et al. 1999) . Given the similarity of the near-infrared colors of LIRGs and ULIRGs (see previous paragraph and references therein), K-corrections for LIRGs are of similar magnitude.
We conclude that the K-corrections, extinction corrections, and corrections for hot dust emission are on average small (a few tenths of a magnitude or less in each case). Given the inherent variations in SEDs and our inability to determine precise adjustments for each galaxy, we choose to ignore these corrections. Regardless, their effect on the following results is negligible. If anything, they are likely to increase the significance of the observed effects.
L-Z relation
We use the T04 R 23 abundance calibration to compute upper branch abundances for our LIRGs and ULIRGs for comparison to the KISS results. The resulting K s -band L − Z relation is shown in Figures 5 − 7 . Each figure represents the L − Z relation using a different emissionline cut, as described in §3.3. It is immediately clear that many LIRGs and ULIRGs do not fall on this relation, even if we discard possibly shock-excited or AGNcontaminated sources. There is some overlap, however. We also see that the scatter in the computed LIRG and ULIRG abundances for a given magnitude is higher than in the KISS comparison sample.
The observed offset is one of abundance and/or luminosity. If the LIRGs and ULIRGs are over-luminous in the near-infrared with respect to galaxies of lower star formation rates, then there must be a significant (factor of ∼10) increase in the near-infrared emission above that from the old, mass-tracing stellar population. As we discuss in §4.1, hot dust could increase the luminosity above that expected from the stellar population, but only by a small fraction of the total. Massive red supergiants from very young star forming regions can also add to the luminosity from old stars while keeping the near-infrared colors almost constant (Leitherer et al. 1999) . However, the heaviest young star formation is nuclear, and contributes only a small percentage of the total near-infrared light ( §4.1).
We conclude that hot dust and young stars cannot come close to producing a factor of 10 increase in luminosity. Thus, LIRGs and ULIRGs are under-abundant with respect to local, emission-line-selected star-forming galaxies of lower star formation rate. This conclusion is solidified by comparing LIRGs and ULIRGs to the local mass-metallicity relation in §5. The average galaxy in our sample is more NIRluminous than the range of luminosities probed by the KISS data (which are biased toward low-luminosity objects because of the required emission-line contrast; Salzer et al. 2005) . Thus, there is uncertainty in the shape of the M − Z relation at the luminosities probed by our sample. However, even if the relation is conservatively assumed to flatten above M Ks ∼ −24.5 rather than to continue to increase, almost all of the observed galaxies are under-abundant compared to the mean oxygen abundance of local, emission-line, modestly star-forming galaxies. Figure 8 illustrates the offset in abundance from the emission-line galaxy relation as a function of total infrared luminosity L IR for the galaxies passing the second emission-line cut, and conservatively assuming a flat relation above M Ks ∼ −24.5. Plotting the data in three bins of equal width in log(L IR ) shows qualitatively that galaxies of higher L IR have higher offsets from L − Z, with the LIRGs offset by 0.2 dex and the ULIRGs by 0.4 dex. Quantitatively, there is a weak and marginally significant correlation between the two, with the offset increasing by ∼0.2 dex for each 1 dex increase in L IR . The correlation coefficient is 0.3 regardless of the emissionline cut chosen, while the (parametric) significance of the correlation is 99.7%, 98%, and ∼90% for the first, second, and third cuts, respectively, decreasing largely due to the decreasing number of points in each cut. The significance of the correlation depends also on the NIR luminosity at which the flattening is assumed to occur: it increases (decreases) as the cutoff NIR luminosity increases (decreases). It also depends on the emission-line calibration chosen; some calibrations give smaller LIRGto-ULIRG discrepancies (Figure 2) . Finally, we caution that the trends may be weaker than suspected from the L − Z relation alone (see §5).
Comparison To Other Merging Systems
LIRG and ULIRG under-abundances are consistent with a recent study of optically-selected mergers (Kewley et al. 2006a) . These authors compute the nuclear abundances of a sample of nearby interacting field galaxies with projected separations of 4 − 60 kpc and optical luminosities −22 ≤ M R ≤ −19. They find an under-abundance in mergers with respect to the optical B-band L − Z relation for isolated field galaxies. There is a dependence of the offset on separation and 'central burst strength,' in the sense that galaxy pairs with small separations (4 − 20 kpc) and strong starbursts also have the lowest abundances on average compared to isolated galaxies. They also find that more optically-luminous galaxies have a smaller offset in abundance; for separations of 4 − 20 kpc and M B −21, the abundance offset is 0.1 dex.
Local LIRGs and ULIRGs have mean optical luminosities comparable to the highest-luminosity galaxies in the Kewley et al. (2006a) sample, with M R ∼ −22 Ishida 2004) . Based on their nuclear separations (Ishida 2004) , the non-isolated LIRGs may represent similar galaxy interaction states compared to the optically-selected galaxies. The mean ratio of present-to-past star formation is higher in LIRGs, however, based on the higher Hα equivalent widths in LIRGs Barton et al. 2000) . The ULIRGs represent stronger or more highly progressed galaxy interactions with much higher star formation rates compared to the optically-selected mergers. This conclusion is based on the structural properties of ULIRGs and their high Hα equivalent widths ). More indirectly, ULIRGs are scarce in the local universe relative to the parent sample of the optically-selected pairs (Falco et al. 1999) .
The observed differences between LIRGs and ULIRGs and isolated galaxies of lower star formation rate reflect a continuation of the trends observed by Kewley et al. (2006a) . LIRGs and ULIRGs are more strongly offset from the K-band L − Z relation (by 0.2 − 0.4 dex) than are galaxies of similar R-band luminosity from the Bband L − Z relation ( 0.1 dex; Kewley et al. 2006a ). As we describe above, they also are stronger or later stage interactions and/or have stronger starbursts.
Within our sample, the apparent trend of greater abundance offset with increasing infrared luminosity (Figure 8 ) mirrors the correlation of abundance offset with starburst strength found in optically-selected mergers. We also studied the dependence of offset on projected nuclear separation. No significant relationship was found, unlike the optical sample. This most likely reflects either (a) the saturation of the sensitivity of nuclear separation to interaction timescale or merger age as two nuclei merge and/or (b) a greater correlation of L − Z offset with level of star formation than with nuclear interaction state.
Comparison To High Redshift
Comparison of luminosity-metallicity and massmetallicity relations at low and high redshift point to chemical evolution of galaxies over cosmic time (Lilly et Mouhcine et al. 2006) . As mentioned in §1, high-redshift abundance measurements of a modest number of LIRGs selected at 15 µm and ULIRGs selected at submillimeter wavelengths exist (Liang et al. 2004; Swinbank et al. 2004; Tecza et al. 2004; Nesvadba et al. 2007) . Three of these studies are based on R 23 abundances, while the third (Swinbank et al. 2004 ) relies on the [N II]/Hα flux ratio, a slightly less robust indicator. From our work, we also have data on four LIRGs and ULIRGs at z ∼ 0.4−0.5 ). Because near-infrared photometry for many of these sources exist (Liang et al. 2006; Hammer et al. 1997; Smail et al. 2004 ), we can compare them directly to our data on the K-band L − Z relation.
Of the 15 µm sources from Liang et al. (2004), we select only those which have infrared luminosities consistent with the definition of LIRGs. We assume the Kcorrection is small and do not apply it. However, we do adjust the magnitudes listed in Liang et al. (2006) downwards by 1.9 magnitudes to convert from the AB to the Vega photometric system, as they are listed as AB magnitudes in Hammer et al. (1997) . (The magnitude of Vega in the AB system is taken from Tokunaga & Vacca 2005.) We also apply upward aperture corrections of 0.1 dex to reach nuclear abundances, following the treatment of local disk galaxies in Kewley et al. (2005) .
All of the submillimeter galaxies (SMGs) in Swinbank et al. (2004) have ULIRG-like or higher total infrared luminosities. To compare them to the local near-infrared L − Z relation, we apply K-corrections to the K-band observed magnitudes from Smail et al. (2004) using the average z = 2 ULIRG-derived correction from Trentham et al. (1999) of 0.45. We also discard galaxies with very broad Hα (FWHM > 1500 km s −1 ) and/or log([N II]/Hα) > −0.1. This is an attempt to eliminate galaxies with AGN and/or with emission lines contaminated by shock excitation, respectively.
Because of limited emission-line data, we compute SMG abundances using the 'coarse' calibration from Salzer et al. (2005) that employs [N II]λ6583/Hα (and is derived from the T04 R 23 relation). The exception is SMM J14011+0252, for which we use the R 23 diagnostic with the data from Nesvadba et al. (2007) . Comparison of the [N II]/Hα and R 23 diagnostics for local ULIRGs suggest that at low abundances the former tends to overpredict the abundance by an average factor of ∼2. This is unsurprising given the results of the application of other [N II]-based diagnostics to LIRGs and ULIRGs ( §3.2).
In Figure 9 , we plot the L−Z data for local LIRGs and ULIRGs, for z = 0.4 − 0.9 LIRGs and ULIRGs, and for z ∼ 2 SMGs. For SMM J14011+0252, we plot the abundances of both nuclei, J1n and J1s. Figure 10 makes this comparison more quantitative. The results show that the LIRGs evolve upward in abundance by ∼0.2 dex from z ∼ 0.6 to the present day, as would be expected from continual processing of heavy elements in their progenitors. For the z ∼ 0.5 ULIRGs, we are limited by number statistics, but there is a suggestion of evolution.
The very high redshift systems, the SMGs at z ∼ 2, show a large scatter in abundances. This is partly due to low emission-line sensitivity at these redshifts, the coarse diagnostic required to compute the abundance, and the difficulty in weeding out AGN or shock-excited candidates. Furthermore, the SMGs are much more near-and The black, encircled circles are ULIRGs with z ∼ 0.4 − 0.5 from this work. The black triangles are submillimeter-selected galaxies with 1.4 < z < 2.7 and luminosities equal to or greater than those of ULIRGs Swinbank et al. 2004 ). The vertical line connects the abundances for the two nuclei of SMM J14011+0252 (Nesvadba et al. 2007 ). LIRGs, and z ∼ 2 SMGs, respectively. The LIRGs clearly evolve upward in abundance by ∼0.2 dex from z ∼ 0.6 to z ∼ 0.1, as would be expected from continual processing of heavy elements. Though there only 2 z ∼ 0.5 ULIRGs in this figure, there is also apparent redshift evolution in ULIRG abundance from z ∼ 0.5 to z ∼ 0.1. Finally, there is also evidence for modest evolution from z ∼ 2 SMGs to z ∼ 0.1 ULIRGs, though the observed scatter and systematic uncertainties are large.
far-infrared luminous than ULIRGs, so the comparison may not be appropriate. Despite these caveats, there is a suggestion of abundance evolution on average.
MASS-METALLICITY RELATION
Galaxy mass is a somewhat more fundamental quantity than instantaneous luminosity (i.e., it is more useful for predicting a galaxy's properties). The mass-metallicity relation is thus a better tool than the luminositymetallicity relation for quantifying the implications of LIRG and ULIRG abundances for galaxy evolution. However, mass has its own set of limitations; for instance, mass is less easily measured than luminosity. In this section, we compare the masses and abundances of LIRGs and ULIRGs to those of nearby star-forming galaxies from the SDSS (T04).
The stellar masses for the ULIRGs are estimated from dynamical mass measurements. These are based on nearinfrared measurements of central stellar velocity dispersions and rotational velocities (Dasyra et al. 2006b ). We do not have individual measurements for most (2/3) of the ULIRG nuclei in our sample. To plot individual nuclei on the M − Z relation, we instead use the high-precision average mass and observed scatter of merger remnant nuclei from Dasyra et al. (2006b) to assign masses to the ULIRGs in our sample. The variance in mass is computed from the mass equation and the observed scatter in random and rotational velocities. The mass of each galaxy is then drawn from a Gaussian random distribution of the proper mean and variance, with the limitation that the mass cannot deviate by more than 3σ from the mean.
Direct stellar mass measurements for LIRGs do not exist in the literature. However, the indirect method of modeling galaxy spectra suggests an average stellar mass in star-forming LIRGs that is one-half that of a ULIRG merger remnant (∼ 5 × 10 10 M ⊙ ; Pasquali et al. 2005) . This is consistent with some LIRGs being progenitor ULIRGs (Ishida 2004) . A caveat is that the Pasquali et al. (2005) galaxies have log(L FIR /L ⊙ ) = 10.5 − 11.5, rather than the range log(L IR /L ⊙ ) = 11.0 − 12.0 normally assigned to LIRGs (note that L FIR < L IR Fig. 11. -Comparison of the mass-metallicity relation from the SDSS (Tremonti et al. 2004 ) with LIRG and ULIRG abundances and stellar masses. The average LIRG and ULIRG are significantly under-abundant, as they are when compared to the L − Z relation. The dotted lines show 1σ scatter on either side of the mean SDSS relation, which has been shifted upward by 0.1 dex to account for aperture effects. Atop this relation are median LIRG and ULIRG abundances (colored diamonds). The diamond colors represent different emission-line cuts (cut 1, green; cut 2, blue; cut 3, black), and the sizes represent the dispersion in points (the standard error in the median). We also plot individual abundance measurements under the second emission-line cut, randomly distributed in mass according to the measured mean and standard deviation for LIRGs and ULIRGs (Pasquali et al. 2005; Dasyra et al. 2006b ).
by ∼10%; Sanders & Mirabel 1996) . Regardless, our comparison to M − Z does not depend sensitively on our choice of LIRG mass. As with the ULIRGs, the mass of each galaxy is drawn from a Gaussian random distribution of the proper mean and variance. We assume that the mean equals one-half the mean for ULIRGs but that the variance in linear mass space is the same.
The SDSS galaxies to which we compare are primarily late-type (T04), so their disks presumably have abundance gradients. The physical diameter spanned by the SDSS spectroscopic fiber is relatively large (3 ′′ , corresponding to 4.6 kpc at z = 0.08). Using trends of abundance dilution as a function of aperture size gleaned from the NFGS data (Kewley et al. 2005) , we correct the SDSS abundances upward by 0.1 dex so that they better approximate nuclear abundances.
The M − Z relation is shown in Figure 11 with the LIRG and ULIRG points over-plotted. The results are comparable to those obtained when we compare LIRGs and ULIRGs to the L − Z relation. LIRGs and ULIRGs are significantly offset from the M −Z relation, regardless of the emission-line cut chosen. We also observe a much larger scatter in the abundances of LIRGs and ULIRGs than in the reference sample at a similar mass.
In the case of M − Z, the offsets from the mean relation are unambiguously ones of abundance rather than mass, since the progenitors of LIRGs and ULIRGs are massive spirals. In Figure 12 , we plot the abundance offsets of LIRGs and ULIRGs from the M − Z relation as a function of infrared luminosity atop the same offsets computed using the L − Z relation. In each case we use data that pass the second emission-line cut. The median offset of ULIRGs from the M − Z relation, 0.4 dex, is the same as the offset from the L − Z relation (with our conservative flattening assumption), but the offset from the M − Z relation is higher for the LIRGs at 0.3 dex (vs. 0.2 dex from the L − Z relation). The correlation between L IR and under-abundance may be present in the M − Z offsets as it is in the L − Z offsets, but the observed trend is weaker and not significant. Nevertheless, given the systematic uncertainties in abundance diagnostic calibrations, individual luminosity corrections, individual masses, and the exact shape of the L − Z relation, we conclude that the L − Z and M − Z offsets are in good agreement with one another.
6. EFFECTIVE YIELD Using our measurements of the gas-phase abundances of oxygen in LIRGs and ULIRGs, we are able to compute effective yields. The true yield p is the fraction of the mass of a generation of stars that is converted into a heavy element (in this case, oxygen) and returned to the ISM. More precisely, for a given stellar generation, p refers to the total mass of a heavy element produced by massive, short-lived stars normalized by the mass locked up in long-lived stars and stellar remnants. The related quantity of effective yield is defined as p ef f ≡ Z / ln(µ −1 g ), where µ g ≡ M gas /[M gas +M stars ] is the gas mass fraction and Z ≡ M heavy element /M gas . The effective yield provides information on the chemical history of the galaxy through comparison with detailed evolutionary models. In the case of a 'closed-box' model with instantaneous recycling, the effective yield equals the true yield (p = p ef f ).
The effective yield is more sensitive to the chemical history of galaxies than the M − Z relation alone, since it also incorporates information about the present gas content of the galaxy. Star formation increases a galaxy's effective yield until it asymptotically reaches the true yield, by consuming gas and producing metals. Conversely, gas flows in and out of the galaxy reduce the effective yield (e.g., Edmunds 1990; Köppen & Edmunds 1999; Dalcanton 2007 ). An exception is the case of inflows of gas with non-zero abundance. Elementary models of radial inflow in galaxy disks suggest that they can increase the effective yield above the true yield by small amounts (factors of 2 or less; Edmunds & Greenhow 1995) .
A typical ULIRG gas mass fraction can be determined from global H I and H 2 observations. Some uncertainty exists due to the fact that the conversion of CO molecular luminosities to H 2 gas masses differs between ULIRGs and normal galaxies and is not known exactly (cf., Sanders et al. 1991; Downes & Solomon 1998) . The uncertainty is compounded by the scarcity of H I measurements of ULIRGs. We use the best available data on ULIRG gas masses (Mirabel & Sanders 1988 , 1989 Sanders et al. 1991; Downes & Solomon 1998) , and the average stellar mass of single nucleus ULIRGs from Dasyra et al. (2006a) . We then consider ranges of possible values for the H I mass fraction and CO-to-H 2 conversion factor, arriving at an average gas mass fraction in ULIRGs of µ g = 0.1 ± 0.05. (The conservative uncertainty estimate is dominated by our uncertainty in M HI /M H2 .) This estimate is roughly consistent with the gas mass fraction estimated from gas dynamical measurements (M gas /M dyn ∼ 0.16; Downes & Solomon 1998). As expected, it is also much lower than the gas mass fractions of high-redshift, submillimeter-selected ULIRGs ( µ g = 0.3 − 0.5; Greve et al. 2005; Tacconi et al. 2006 ).
In the case of LIRGs, M HI /M H2 is better constrained by measurements (Mirabel & Sanders 1989; Sanders et al. 1991) . The value of M H2 /L ′ CO is also lower than in normal galaxies, though its value relative to that in ULIRGs is uncertain. An additional uncertainty arises due to the absence of accurate stellar mass measurements in LIRGs. We resort to assuming that the stellar mass of a LIRG is one-half that of a ULIRG (as in §5). Again, using the best measurements available and bracketing different possibilities, we estimate µ g = 0.2 ± 0.1. (In this case, the conservative uncertainty estimate is dominated by our uncertainties in the stellar mass and M H2 /L ′ CO .) Figure 13 displays the median effective yields of oxygen in LIRGs and ULIRGs compared to the T04 masseffective yield relation. LIRGs and ULIRGs have significantly lower effective yields, by factors of 2 and 3.5, respectively. This result mirrors the under-abundances described in previous sections, since (a) p ef f is linearly proportional to oxygen mass fraction and (b) the LIRG and ULIRG gas mass fractions (0.2 and 0.1, respectively) are similar to those of the average SDSS emission-line galaxy of similar mass (µ g = 0.2 for M ∼ 10 11 M ⊙ ). This result is robust even if we have seriously underestimated µ g in ULIRGs: if µ g in ULIRGs is raised to 0.2, p ef f is still significantly lower (by a factor of 2.5) in ULIRGs than in the SDSS galaxies. (Tremonti et al. 2004) . The average LIRG and ULIRG have effective yields that are lower than the average SDSS galaxy of the same masses by factors of 2 and 3, respectively, as a consequence of abundance dilution. The yields are computed using the median abundances for LIRGs and ULIRGs and gas mass fraction estimates of µg = 0.1 ± 0.05 and 0.2 ± 0.1, respectively. See Figure 11 for an explanation of most of the lines and symbols. The horizontal dashed line is the SDSS estimate of the true yield. The SDSS yields have been shifted upward by 0.1 dex to account for aperture effects. Naab et al. 2006 ). Prior to an interaction and the ensuing intense star formation episode, these progenitor spirals presumably lie on the L − Z and M − Z relations. Since star formation increases the abundance of a system, the only processes that can reduce it are gas motions (Edmunds 1990; Köppen & Edmunds 1999; Dalcanton 2007) .
Almost all LIRGs and ULIRGs host fast, massive, and powerful outflows (Heckman et al. 2000; Rupke et al. 2002 Rupke et al. , 2005a Martin 2005 Martin , 2006 . The hot phase of these outflows is enriched in oxygen relative to iron (e.g., Grimes et al. 2005) . This enrichment arises because the hot phase consists of supernovae ejecta from the current generation of star formation. Expulsion of these metalrich ejecta therefore cannot in principle reduce the abundance of the galaxy below its value prior to the starburst. Rather, outflow of hot gas prevents further enrichment.
There exists also a neutral, much cooler gas phase in these outflows with mass several times that in the hot phase (Rupke et al. 2005c) 3 . The average neutral gas mass in LIRG and ULIRG winds is estimated to be 10 9 M ⊙ (Rupke et al. 2005c) , or ∼10% of the average total gas mass. The effect on the galaxy's ISM is thus significant, and outflows could remove the bulk of the galaxy's ISM over long timescales (10 8 -10 9 yr) if they act continuously. The outflowing neutral gas is swept up from the disk of the galaxy and has abundance equal to that of the nuclear star-forming region. Therefore, despite its large mass, the neutral phase of LIRG and ULIRG outflows cannot reduce the abundance of the nuclear regions, since it is not preferentially removing heavy metals from the ambient gas.
Significant radial inflow of gas also occurs in gas-rich mergers (e.g., Barnes & Hernquist 1996; Mihos & Hernquist 1996; Iono et al. 2004; Naab et al. 2006) . Transfer of angular momentum from gas to stars through gravitational torques and dissipation of kinetic energy in shocks causes much of the gas of the progenitor systems to flow inward during the merger. Naab et al. (2006) study the merger of two disk galaxies of equal mass, each with µ g = 0.1. On the galaxies' first pass (the LIRG phase), 10 − 60% of the gas in each disk flows inward to small radii (with the exact value depending on geometry). During the final coalescence (the ULIRG phase), 50 − 85% of the total gas moves to the nucleus. The final increase in the central gas mass is by a factor 3 − 4 within a 2 kpc radius (Iono et al. 2004) .
Radial abundance gradients exist in most disk galaxies, such that abundances of oxygen and other elements decrease with increasing distance from the galactic center (e.g., Zaritsky et al. 1994) . Inflow of gas consequently moves gas of low abundance into a nuclear region whose initial abundance is higher. As a result, the central regions of LIRGs and ULIRGs would naturally exhibit lowered abundances due to dilution. The dilution of the nuclear abundance Z is given by Z f inal /Z initial = (1 + ab)/(1 + a), where a is the ratio of gas mass arriving in the nucleus to that of gas already present and b is the ratio of abundances of the inflowing and nuclear gas. For LIRGs and ULIRGs we have shown that Z f inal /Z initial ∼ 0.5, and simulations predict a = 3 − 4 (Iono et al. 2004 ). Inverting the above equation and solving for b, we find b = 0.35 (i.e., the inflowing gas had 35% of the initial abundance of the nuclear gas). This is consistent with the mean oxygen abundance gradient observed in spirals (-0.6 dex per isophotal radius, or 25% of the nuclear abundance at the isophotal radius; Zaritsky et al. 1994) .
The effective yield of a galaxy can also change under a variety of processes ( § 6). However, in our case the low effective yields we observe are primarily due to low abundances. There is a secondary effect on p ef f due to changes in µ g , but the effect is small for these systems ( §6). Thus, the effective yields in LIRGs and ULIRGs have been lowered primarily by the same processes that have lowered the abundances.
The inflow scenario was proposed to explain the offset of local, optically-selected interacting pairs from the B-band L − Z relation (Kewley et al. 2006a ). Our arguments above, based on reduced abundance and effective yield, clearly make it the preferred explanation for these infrared-selected mergers, as well. As we discuss in §4.3, the offsets from the L − Z relation in LIRGs and ULIRGs are larger than those in optically-selected mergers. Our interpretation implies that more gas has been funneled to the centers of LIRGs and ULIRGs than in the optical mergers. This parallels the observation that ULIRGs are later-stage mergers and that LIRGs and ULIRGs have higher star formation rates than the optical mergers. The amount of gas channeled to the center increases with merger age (e.g., Naab et al. 2006) , and star formation is powered by the gas driven to the merger center (e.g., Mihos & Hernquist 1996) .
The differences between the optical and infrared mergers could also arise from their different chemical evolutionary histories following inflow. We have concluded that under-abundances in the infrared-selected systems must be caused by gas inflow. Following a major inflow event, closed-box consumption of gas by star formation in LIRGs and ULIRGs will tend to elevate the gas-phase abundances of heavy elements, while strong outflows of metal-rich supernovae ejecta will maintain low abundances. Thus, the abundance dilution due to inflow may have initially been stronger than observed, depending on the subsequent effects of star formation and outflow.
The degree to which the initial under-abundance created by inflow was smaller than the observed value can in principle be determined from the properties of the ensuing star formation and outflow. In practice, the degeneracy among quantities such as the amount of gas consumed by star formation, the amount of gas ejected by outflows, and the enrichment of the outflowing gas means that such an exercise is not well-constrained. Simply from the good agreement between the observed underabundances and those expected from our basic calculations of abundance dilution, we tentatively conclude that the abundance immediately after inflow cannot be much lower than the abundance observed now. In Appendix A, we present example calculations that show subsequent abundance evolution due to star formation and outflows need not undermine this argument. The uncertainties are too large to make quantitatively useful statements about the impact of star formation and outflows. However, these calculations do serve to illustrate that the scatter in abundances we observe may be due to galaxyto-galaxy differences in how the inflow, star formation, and outflow have proceeded.
SUMMARY AND OUTLOOK
We have shown that luminous and ultraluminous infrared galaxies do not follow the standard luminositymetallicity and mass-metallicity relations for isolated galaxies with lower star formation rates. As a consequence, their effective yields are also smaller than those of similar-mass galaxies.
We conclude that there is an oxygen under-abundance in the nuclei of LIRGs and ULIRGs, compared to galaxies of the same luminosity and mass. We attribute this to radial inflow of gas into the galaxy nuclei, as was concluded for studies of optically-selected mergers (Kewley et al. 2006a) . This is consistent with the fact that many LIRGs and all ULIRGs are in the early and late stages, respectively, of a merger of two roughly equal-mass galaxies. Other LIRGs are involved in more minor interactions and/or mergers. These interactions and mergers cause gas from large radii, which is less oxygen-abundant than the central regions, to fall to the center and dilute the nuclear abundance. This infalling gas also fuels star formation; LIRGs and ULIRGs manifest the highest star formation rates in the local universe.
Consistent with this interpretation is the observation that the LIRGs and ULIRGs have larger offsets from the L−Z relation (0.2−0.4 dex) than optically-selected mergers of similar luminosity ( 0.1 dex; Kewley et al. 2006a ).
The LIRGs and ULIRGs are in more extreme interaction states and/or have much higher star formation rates than the optically-selected mergers.
A consequence of this result is that the L − Z and M − Z relations are not universal. At z 0.5, where the star formation rate density of the universe is dominated by LIRGs and ULIRGs (e.g., Le Caputi et al. 2007 ), the L − Z and M − Z relations for star-forming galaxies will be governed by mergers Shi et al. 2006; Bridge et al. 2007 , though see also Melbourne et al. 2005) . Observations of high-redshift L − Z and M − Z relations that reveal a relation shifted to lower abundance and/or higher luminosity and mass must account for this. For instance, the optically-selected galaxies at z ∼ 2 that were used to assess the evolution of M − Z are mostly LIRGs Reddy et al. 2006) . A large part of the offset attributed to evolution may be due to the fact that the relations include more galaxies that are the by-product of merging. These high-z mergers would have lower abundances not only because they are younger but also because they have undergone gas inflow.
Our low-redshift sample thus represents a baseline for comparison to abundances of high-redshift LIRGs and ULIRGs. The abundances of high-redshift luminous infrared galaxies should be compared only with the abundances of local galaxies with comparable star formation rate and/or interaction strength, not with the abundances of field galaxies of low star formation rate. We compare our sample to a small sample of LIRGs at 0.4 < z < 0.9 (Liang et al. 2004 ) and find an increase in abundance with decreasing redshift (∼0.2 dex from z ∼ 0.6 to z = 0.1). Three z ∼ 0.5 ULIRGs from the current sample also have lower abundances than the z = 0.1 mean. The situation for extremely luminous, high-redshift SMGs (Swinbank et al. 2004; Tecza et al. 2004; Nesvadba et al. 2007 ) is unclear, however; our upper limit on the mean abundance is consistent with redshift evolution but more data are needed. Many more optical and near-infrared spectra of z > 0.5 LIRGs and ULIRGs are necessary to understand the abundance evolution of infrared-selected mergers.
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APPENDIX

MODELS OF POST-INFLOW ENRICHMENT
To illustrate interstellar chemical evolution in LIRGs and ULIRGs subsequent to gas inflow, we present two example calculations, one using a simple closed-box and the other a modified leaky-box model. In these examples, we assume the true oxygen yield of p = 0.0131 from T04, adjusted upward by 0.1 dex according to our aperture corrections. We refer to the oxygen abundance by mass after inflow and before star formation and outflow as Z 1 , and the observed abundance as Z 2 . We use the average observed value of Z 2 ∼ 0.006 from this paper (in the T04 calibration). Similarly, the galaxy's gas masses before and after star formation/outflow are M 1 and M 2 . For simplicity, we choose a single value of M 2 /M 1 = 0.8 as a reasonable guess (i.e., 20% of the galaxy's gas has been consumed in star formation and/or ejected by outflows). Exactly how much gas has been consumed by star formation is unclear, but we do know that the gas-consumption timescale in ULIRGs is short ( 100 Myr; Downes & Solomon 1998) . Because our goal is simply to illustrate that Z 2 /Z 1 can be minimized, we leave it to5B the reader to try other values of M 2 /M 1 .
In the closed-box model (Talbot & Arnett 1971) , Z 1 is given by
Substituting the values listed above, we find Z 1 = 0.003, or half the present-day value. In the closed-box model with the values listed above, consuming more than half of the gas present (M 2 /M 1 0.5) implies that Z 1 < 0, which is unphysical.
In a leaky-box model (Hartwick 1976) , outflows eject from the galaxy some or all of the heavy elements produced by ongoing star formation. Two new quantities enter:
is the mass outflow rate normalized by the star formation rate, and α ≡ Z OF /Z ISM is the enrichment of the outflow relative to the ambient ISM. For our derivation, we begin with the treatment of Matteucci (2001) . We modify equation 5.33 of Matteucci (2001) by adding α to the third term:
where Z is the ISM abundance, M g is the gas mass, SFR is the star formation rate, and (dM/dt) OF is the mass outflow rate. All quantities but p, η, and α are assumed to be a function of time. Using the fact that dM g /dt = −(dM/dt) OF − SF R (equation 5.32 of Matteucci 2001), we solve this equation through substitution and integration. The result is the equation for the modified leaky-box case of an outflow with abundance greater than that of the ambient ISM:
where c ≡ η(α − 1) and d ≡ η + 1. Because star formation and outflows cannot lower the galaxy's abundance (i.e., Z 1 ≤ Z 2 ; see §7), we have the further constraint that p/c − Z 2 > 0, or c ≤ p/Z 2 (c ≤ 2.18, for our values of p and Z 2 ).
In the case α = 1, the proper equation is the standard leaky-box case of an outflow with abundance equal to that of the ambient ISM: Rupke et al. (2005c) estimate η ∼ 0.2 − 0.3 (with a large scatter) for the cool outflow phase of LIRGs and ULIRGs. The cool phase, which is mostly entrained ambient ISM, has Z OF ∼ Z ISM , or α = 1. For star formation plus a cool-gas outflow, Z 1 = 0.0036 − 0.0039, which is not far from the closed-box case. Determining η and α for the hot phase of LIRG and ULIRG outflows is quite difficult, as they are poorly constrained observationally. By comparing the mass outflow rate in the cold phase to predictions from starburst models, Rupke et al. (2005c) find η could be as high as ∼0.1. Through model fits to the α-element enhancement, X-ray observations suggest α could reach values of ∼10 (Grimes et al. 2005) . These values yield Z 1 = 0.0045, 25% lower than the observed abundance. If we combine the hot and cold phases, we have η ∼ 0.3 − 0.4 and α ∼ 4 − 4.3, which yields Z 1 = 0.0046 − 0.0051. This is only 15 − 20% lower than the average observed abundance in LIRGs and ULIRGs.
This exercise, though difficult because of observational uncertainties, demonstrates two things: (a) the amount of post-inflow enrichment required to reach the observed values of oxygen abundance in LIRGs and ULIRGs need not be large, and (b) galaxy-to-galaxy variations in chemical evolutionary histories following inflow events can easily produce part of the observed scatter in abundances (through, e.g., varying degrees of gas consumption, outflow enrichment, and outflow efficiency). 
